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Abstract

Estimates of canopy conductance,gc, were derived from hourly eddy-covariance measurements of evaporation for a primary
forest site near Manaus, Brazil, using an inverted Penman–Monteith equation. These data were used to calibrate Jarvis-type
models of canopy conductance including and excluding a soil moisture dependence. A period of low canopy conductance in
the observations coincided with low soil moisture and high humidity deficit. The model was able to capture this decrease in
diurnal maximumgc only when a soil moisture dependence was included. The optimised value of wilting point in the soil
moisture function was 465 m3 m−3, which was comparable with estimates from soil hydraulic properties.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The Amazon basin is a centre of tropical heating and
convection that contributes substantially to the gen-
eral circulation of the atmosphere (Hastenrath, 1997;
Costa and Foley, 1999). For this reason there has
been particular interest in assessing the impact on cli-
mate of changes in Amazonian land cover, especially
large-scale deforestation (Nobre et al., 1991; Gash
et al., 1996; Hahmann and Dickinson, 1997). Results
from global circulation model (GCM) simulations of
climate following deforestation vary in their details,
but there is a qualitative consensus that such loss
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of rainforest would lead to reduced evaporation and
increased temperatures in Amazonia (Stocker et al.,
2001). More recent model simulations have shown that
vegetated land cover in Amazonia has the potential to
change in response to anthropogenically induced cli-
mate change (White et al., 1999; Cox et al., 2000). In
these studies, climate change led to rainforest in Ama-
zonia becoming an unsustainable ecosystem, which
would be superseded by a mixture of shrubs, grassland
and bare soil.

The land–atmosphere boundaries in most GCMs
are described by soil-vegetation-atmosphere transfer
(SVAT) schemes that calculate fluxes of heat, mois-
ture and momentum from climate and soil moisture
conditions. Central to SVATs are descriptions of
stomatal conductance, which are often calibrated us-
ing observed water vapour fluxes from field sites. For
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example,Wright et al. (1996b)calibrated such mod-
els against flux data from Amazonian rainforest
and deforested sites for use in deforestation GCM
experiments.

Until now, many SVATs calibrated off-line for Ama-
zonian rainforest have omitted a soil moisture depen-
dence of canopy conductance. This was done under
the assumption that either root depths are sufficient
for the forest to maintain transpiration through the
dry season or that significant soil moisture deficits are
not observed (e.g.Wright et al., 1996a; Ashby, 1999).
However, if these same models are used under condi-
tions of low soil moisture, due to reduced rainfall in
the future, then the response of the calibrated SVAT
may not represent the true hydrological land-surface
response.

Nepstad et al. (1994)found that forests in some
parts of Amazonia required access to water to depths
of at least 8 m in order to maintain transpiration
through particularly dry periods.Sommer et al. (2002)
suggest that because of this, soil water availabil-
ity should be used more often in SVAT modelling
studies.Malhi et al. (1998)observed a significant
seasonality in maximum daytime photosynthesis that
correlated with soil moisture content for a rainforest
site near Manaus, Amazonas. Using a SVAT model,
Williams et al. (1998)attributed this relationship to
an increase in soil–root hydraulic resistance during
the dry season. Contrary to the perception that the
rainforest is never water stressed, such studies sug-
gest that vegetation in this region does respond to
seasonal changes in soil moisture. Because of corre-
lations between soil moisture, humidity deficit and air
temperature, it is sometimes difficult to separate the
effects of near-surface meteorology and soil moisture
on canopy conductance without use of a model.

The aim of this study was to show whether or not
changes in soil moisture supply affected the canopy
conductance of rainforest. The detailed objectives
were to estimate rainforest canopy conductance from
eddy-covariance measurements of evaporation us-
ing an inverted Penman–Monteith (PM) equation for
evapotranspiration, and to use a simple, parameter
scarce model to highlight the influence of seasonal
soil moisture change on canopy conductance over
other meteorological factors. A Jarvis-type model of
canopy conductance, based onJarvis (1976)and ex-
tended byStewart (1988), was applied including and

excluding a soil moisture dependence, and the results
compared with previous studies for Amazon rainfor-
est. It was not an objective of this study to produce
a parameterisation of canopy conductance for use in
GCM studies.

2. Description of site and data

The data used in this study are described in detail by
Malhi et al. (1998, 2002), and only a summary is pre-
sented here. Field measurements were made at a site of
primary tropical rainforest in the Reserva Biológica do
Cuieiras (2◦35′S, 60◦06′W), a forest reserve belong-
ing to Instituto Nacional de Pesquisas da Amazônia,
located roughly 60 km north of Manaus, Amazonas,
Brazil. The meteorological data were collected from a
41.5 m tower situated on a broad lowland plateau (90 m
above sea level), with the forest canopy at a height of
approximately 30 m above the plateau. Water vapour
fluxes were measured using an eddy-covariance sys-
tem mounted at 46.5 m. The forest on the plateau is
terra firme, so there is no seasonal flooding or surface
water, and vegetation consists of mostly broad-leaved
hardwoods and palms in the understorey (Williams
et al., 1998). Above ground biomass is 300–350 t ha−1,
and leaf area index estimates for nearby sites range
from 5.7 to 6.6 (Roberts et al., 1996).

The data set covered a 6-month period from 17 Oc-
tober 1995 to 8 May 1996, during which time most
surface climate variables were available for all hours.
Short periods of rainfall data were missing and these
were filled with data from a nearby forest site. Whilst
not ideal considering the convective nature of most
rainfall in this region, rainfall data were used only
to exclude from the analysis days when wet-canopy
evaporation was likely to dominate transpiration. The
absolute hourly rainfall amounts were not used in this
study. For the 6-month period eddy-covariance mois-
ture flux data were available for 53% of the time.
A total of 2331 h of surface evaporation and weather
station data were available for the analysis covering
a period of 250 days from 17 October 1995 to 8
May 1996. Energy closure for this data set was 94%,
higher than the values of 70–80% typically reported
for eddy-covariance measurements at Amazonian rain-
forest sites (Malhi et al., 2002). This data set was cho-
sen over others that included the dry season months
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of July to October because the superior energy clo-
sure gave greater confidence in the estimates of canopy
conductance calculated using observed fluxes of sen-
sible and latent heat.

The climate at this site is characterised by little sea-
sonal variation in temperature and a moderate seasonal
variation in rainfall. The short dry season from July
to October occurs when the intertropical convergence
zone (ITCZ) is in the Northern Hemisphere. For the
period of 1 September 1995 to 8 May 1996 the to-
tal rainfall was 1118 mm. September–April rainfall for
Manaus city between 1901 and 1987 ranged from 852
to 2230 mm with a mean of 1650 mm. The mean tem-
perature through the study period was 25.1◦C, with
monthly means ranging from 24.2◦C in February to
26.9◦C in September.

The soils at this site are a yellow clay latosol (Brazil-
ian classification) or oxisol (US classification), with
clay and sand content of 80 and 10%, respectively. The
available water capacity is calculated to be only about
70 mm m−1 in the upper metre (Correa, 1984) and
about 30 mm m−1 below 2 m (Hodnett et al., 1996).
Hodnett et al. estimate that the maximum water up-
take below 2 m by vegetation can reach 250 mm in a
dry year. Soil moisture data were available at roughly
weekly intervals over the top 3.8 m.

3. Methods

SVAT schemes used in GCMs partition the available
energy between fluxes of latent and sensible heat. The
PM equation (Monteith, 1981) allows this calculation
to be done without knowledge of surface temperature,
which is not often measured. In the PM equation, bio-
physical control over transpiration is expressed for the
canopy as a whole through canopy conductance,gc
(m s−1), which is a function of near-surface meteorol-
ogy. To obtain estimates of observedgc, against which
parameters in conductance models may be calibrated,
the PM equation is rearranged to yieldgobs

c as a func-
tion of latent heat flux and near-surface meteorology
thus,

gobs
c = ga

[
(∆A + ρcpD1ga)

γλE
− ∆

γ
− 1.0

]−1

. (1)

Here gobs
c is the observed canopy (or bulk stom-

atal) conductance for water vapour,λ the latent

heat of vapourisation (J kg−1), E the moisture flux
(kg m−2 s−1), ∆ the rate of change of saturated spe-
cific humidity with temperature (K−1), A the available
energy (W m−2), ρ the density of dry air (kg m−3),
cp the specific heat capacity of dry air (J kg−1 K−1),
ga the aerodynamic conductance for water vapour
(m s−1) and γ the psychrometric constant (Pa K−1).
Radiation fluxes are defined as positive when directed
towards the surface, and all other fluxes are defined
as positive when directed away from the surface.

The available energy is equal to the observed net
radiation minus soil and canopy heat fluxes. Neither
soil heat flux or canopy heat flux data were available.
In forests of this type soil heat flux rarely exceeds
6 W m−2, approximately 1% of net radiation (Moore
and Fisch, 1986). This is less than errors due to im-
perfect energy closure, typically 6% of net radiation.
Using data from a nearby forest site,Moore and Fisch
(1986) estimate that canopy heat flux can peak at
±80 W m−2, around 0800 and 2000 h in the morning
and evening. This peak canopy heat flux can be a sig-
nificant proportion of net radiation and it would have
been desirable to include this component of the energy
budget were it available.

There are a number of models of canopy conduc-
tance, from simple descriptions, such as time-of-day
functions (Dolman et al., 1991), through a set of in-
dependent functions of near-surface climate (Jarvis,
1976), to models relating stomatal conductance to
plant photosynthesis (Ball et al., 1987; Leuning,
1995). For the purpose of this paper the responses
of canopy conductance to different meteorological
forcing were to be investigated separately and for this
reason a Jarvis-type model was used.Stewart (1988)
established simple functional forms for several mete-
orological variables based on the model for leaf-level
observations. These functions are usually applied at
the canopy scale under the assumption that scaling is
a simple function of leaf area index,L.

The general form of this model is given by the fol-
lowing equation:

gmod
c = gmaxf1(Rs)f2(T1)f3(D1)f4(W), (2)

whereRs is the downward solar radiation (W m−2), T1
the reference level air temperature (◦C), D1 the refer-
ence level humidity deficit (kg kg−1), andW the soil
moisture (mm). The functions,fi, take values between
0 and 1, such that in optimum conditions all thefi are
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equal to unity and canopy conductance takes the max-
imum value ofgmax. Away from the optimumgmod

c is
reduced fromgmax by multiplying by eachfi, some or
all of which are less than unity.

Scaling from leaf to canopy level is achieved
throughgmax. Often scaling is achieved by multiply-
ing Eq. (2) additionally by leaf area index,L, which
can be constant or vary with time of year. In the ab-
sence of observations ofL through the study period
it was not possible to define a time varying func-
tion. However, the few measurements that have been
made at primary forest sites (such asRoberts et al.,
1996) indicate that there is only a small change inL
of 10–15% over the course of a year. So it was as-
sumed thatL was approximately constant and could
be absorbed into the optimised value ofgmax.

FollowingStewart (1988), Dolman et al. (1991)and
Cox et al. (1998), the functional forms inEq. (2)are
given by

f1(Rs) =
(

Rs

1100

) (
1100+ j1

Rs + j1

)
, (3)

f2(T1) = (T1 − Tl)(Th − T1)
τ

(j2 − Tl)(Th − j2)τ
, (4)

f3(D1) = e−j3D1, (5)

f4(W) =




0, W ≤ θw,
W − θw

θc − θw
, θw < W < θc,

1, W ≥ θc,

(6)

where

τ =
(
Th − j2

j2 − Tl

)
,

Th (◦C) andTl (◦C) mark the upper and lower temper-
ature limits outside of which transpiration is assumed
to cease, andj1, j2, j3, θw andθc are parameters nor-
mally derived by multi-variate optimisation. The upper
and lower temperatures inEq. (4), Th andTl , respec-
tively, can be included in the optimisation but are of-
ten set at values of 40 or 45 and 0◦C for the lower
cut-off for the upper cut-off. There is little physio-
logical evidence that the upper cut-off temperature is
higher than 40◦C so Th was set to this value in the
optimisations.

Aerodynamic conductance,ga, was calculated fol-
lowing the method ofVerma (1989)with stability

corrections made followingPaulson (1970), as de-
tailed inAppendix A. Roughness length,z0, and zero
plane displacement,d0, were estimated using relation-
ships established at another rainforest site in the same
region (Shuttleworth, 1989).

As observations of soil moisture were only avail-
able at weekly intervals it was only possible to investi-
gate the seasonal response in canopy conductance. At
this time-scale, and in the absence of observations of
leaf area index, it is not clear whether any change in
canopy conductance is a direct or indirect response to
soil moisture. The direct response would be through
a decrease in leaf-level stomatal conductance for low
soil moisture content, which when scaled up would
give a decrease in canopy conductance. The indirect
response would be that, whilst stomatal conductance
does not change, leaf area index decreases as soil mois-
ture content declines, and so the scaling factor from
leaf to canopy level itself decreases.

The variableW is a measure of soil moisture, which
in this case is taken as the total soil moisture con-
tent in the top 3.8 m, the depth over which observa-
tions were available. A number of other studies have
used linear functions of soil matric potential,f(ψ)
(Shuttleworth, 1988), or non-linear functions of soil
moisture deficit (Shuttleworth, 1989). A f(W) function
was chosen for this study as matric potential was not
measured. To calculate values ofψ from the obser-
vations ofW would have required a parameterisation
such asvan Genuchten (1980), which would have in-
troduced a level of complexity to the optimisation not
justified by the limited availability of data.

Eqs. (3)–(6)were originally proposed byJarvis
(1976), based on laboratory measurements of stom-
atal conductance, as empirical rather than mechanistic
descriptions. They have previously been applied with
success at a number of forest locations (Stewart,
1988; Wright et al., 1995).

The aim of this paper is to investigate whether a
response in canopy conductance due to soil moisture
is observed for an Amazonian rainforest site. This
is achieved by a two-stage optimisation of the Jarvis
model given byEqs. (2)–(6). First under the assump-
tion that there is no soil moisture dependence (f4≡1
in Eq. (6)), and then by including the soil moisture
function. The models were optimised by minimising
the sum of square errors between modelled,gmod

c , and
observed,gobs

c , canopy conductance.
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(a)

(b)

(c)

Fig. 1. Observations of: (a) mean diurnal cycles of canopy conductance for each calendar month; (b) 10-day totals of precipitation; (c) top
3.8 m total soil moisture content. In (a) data for the 634 h where canopy conductance data exist were used in the averaging. In (c) hourly
values were linearly extrapolated from roughly weekly observations.
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4. Results and discussion

Eddy-covariance measurements of evaporation
were used in conjunction with the inverted PM equa-
tion, Eq. (1), to provide estimates of canopy conduc-
tance,gobs

c . The calculated conductance values were
then filtered to exclude hours when solar radiation
was less than 10 W m−2, as for such low incident

Table 1
The ranges and means of the data used by the optimisation

Minimum Maximum Mean

Specific humidity deficit
(g kg−1)

0.0 17.9 4.79

Air temperature (◦C) 20.2 33.4 26.8
Solar radiation (W m−2) 11 1088 386
0–3.8 m soil moisture

(mm)
1828 2015 1930

Canopy conductance
(mm s−1)

0.0176 59.3 12.7

Fig. 2. Mean diurnal cycles of observed near-surface humidity deficit for each calendar month where observations of canopy conductance
are also available.

Table 2
Parameters from optimisations of a Jarvis model of surface conductance for Amazon rainforest including, maximum canopy conductance
(gmax), environmental functional dependencies on solar radiation (j1), air temperature (j2), air humidity deficit (j3), soil moisture at wilting
point (θw), and soil moisture at critical point (θc)a

gmax

(mm s−1)
j1 (W m−2) j2 (◦C) j3 (g kg−1) θw (mm) θc (mm) Explained

variance (%)

Including D1 52.3 ± 5.2 3178± 1866 25.0± 4.5 44.2± 16 – – 31.8
Including D1 and W 52.6 ± 5.3 1785± 682 23.9± 3.6 53.9± 14 1766± 14 1961± 8.5 49.5
Dolman et al. (1991) 20.8 250.0 30.2 64.0 – – 30.9
Wright et al. (1996a)

including T
80.1 3916 43.1 125 – – 35.2

a Column 1 indicates whether the environmental dependencies air humidity deficit (D1), air temperature (T1) and total 0–3.8 m soil
moisture (W) were used in each model. Parameter values from previous calibrations for Amazon rainforest sites byDolman (1993)and
Wright et al. (1996a)are also included for comparison.

energy estimation ofgobs
c from Eq. (1)becomes overly

sensitive to variation in evaporation. This typically
excluded overnight hours between 1800 and 0800 h,
so evening periods of canopy heat loss were excluded
from the analysis, reducing errors in the calculation
of available energy used inEq. (1). The 24 h follow-
ing rainfall were also excluded to avoid periods of
wet-canopy evaporation. This left 634 h of canopy
conductance data for optimising the model. For these
remaining hours the mean and range of each of the
meteorological quantities used in the Jarvis model are
shown inTable 1.

Fig. 1a shows the mean diurnal cycle of canopy
conductance for each calendar month of the study pe-
riod. Daily maximum canopy conductance increased
from October to December 1995, and this coincided
with a small increase in rainfall (Fig. 1b) and a large
increase in soil moisture (Fig. 1c). Between Decem-
ber 1995 and February 1996 there was little change in
the mean diurnal cycle of canopy conductance even
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though rainfall decreased and then increased during
this period. Soil moisture content, however, remained
roughly constant through this period. Canopy conduc-
tance increased again during March and April 1996,
the wettest months of the study period, when there was
also a concurrent increase in soil moisture content.
These changes in canopy conductance are also seen in
the monthly mean diurnal cycles of humidity deficit
(Fig. 2) as well as in soil moisture. ComparingFigs. 1a
and 2 shows that daily maximum humidity deficit
was high when daily maximum canopy conductance
was low, and vice versa.Malhi et al. (2002)also
examined these relationships and found that daily
mean canopy conductance correlated well with soil
moisture status, but the seasonal relationship with
daily maximum humidity deficit was less consis-
tent. It is this cross-correlation between soil mois-
ture and humidity deficit that makes it difficult to
assess the independent effects of them on canopy
conductance.

There were either four or six parameters to be op-
timised in the Jarvis models depending on whether
the soil moisture function was excluded or included
respectively. When the soil moisture dependence was
excluded the reduced Jarvis equation for canopy con-
ductance was given by,

gmod
c = gmaxf1(Rs)f2(T1)f3(D1).

Sets of optimised parameters with estimated standard
errors are shown inTable 2for Jarvis models excluding
and including a soil moisture dependence. Also shown
for comparison are parameter sets fromDolman et al.
(1991)andWright et al. (1996a)for other Amazonian
forest sites.

Fig. 3 shows environmental response functional
forms for the parameter sets inTable 2. When the
soil moisture dependence was excluded the maxi-
mum canopy conductance,gmax, was 52.3 mm s−1,
comparable with the maximum observed value of
59.3 mm s−1 in Table 1. As gmax is slightly less than

Fig. 3. Functional dependencies in the optimised Jarvis model of
canopy conductance for: (a) solar radiation,Rs; (b) air temperature,
T1; (c) humidity deficit,D1. Canopy conductance is calculated by
multiplying a maximum value by the functionsf1–3. Functions
from Dolman et al. (1991)and Wright et al. (1996b)are also
shown for comparison.

(a)

(b)

(c)
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the observed maximum value the model is likely
to underpredict at times. The optimum temperature
was 25.0◦C, which is close to the mean tempera-
ture through the observation period of 26.8◦C. The
optimised solar radiation function parameter,j1, was
3178 W m−2, and for large values such as thisgmod

c
does not saturate for high levels of solar radiation.

When the soil moisture function,f4, was included in
the optimisation the percentage of variance in the data
explained by the model increased from 31.8 to 49.5%.
The optimised values forθw and θc were 1766 and
1961 mm, respectively, and with low estimated stan-
dard errors compared to the estimated errors for other
parameters. The parametersgmax, j2 andj3 took similar
values to those when a soil moisture dependence was
excluded. The solar radiation parameter,j1, showed a
large change in magnitude, but this corresponded to
only a small change in thegmod

c response to solar ra-
diation (Fig. 3a). The estimated standard errors forj1
were large for both optimisations, indicating that the
model is somewhat insensitive to this parameter. Fur-
ther optimisations using fixed values ofj1 showed that
optimised values for the remaining parameters (j2, j3,
θw, θc) were relatively insensitive to the choice ofj1.
However, when the solar radiation response function
was omitted the optimisation algorithm failed because
the model was not able to describe adequately the di-
urnal cycle of canopy conductance from the diurnal
cycles of temperature and humidity deficit.

The optimised value forθw of 1766 mm corresponds
to an average wilting point soil moisture content over
the top 3.8 m of 0.46 m3 m−3. This value is a little
higher than the range 0.29–0.43 m3 m−3 calculated
from measurements of soil hydraulic conductivity and
matric potential in similar soils to those at this site
(Hodnett et al., 1996; Wright et al., 1996b), and is
more comparable with observed values for critical
point. The difference between the optimised critical
and wilting points is 0.051 m3 m−3, which agrees with
typical values of 0.045 m3 m−3 observed byRanzani
(1980) for high clay content soils in Amazon rain-
forest. This suggests that the optimised response to
changes in soil moisture is good, but the absolute val-
ues ofθc andθw may be less reliable. The optimisation
may have suffered from a lack of observations close to
wilting point, which may have constrainedθw closer
to observed values. However, the soil moisture deficits
seen in these data are still an improvement over many

previous studies of canopy conductance which cov-
ered periods with no significant soil moisture stress
and, therefore, were unable to provide any estimates
of θc andθw.

Observations also give a typical volumetric satu-
rated moisture content of 0.52 m3 m−3 for these soils,
which, along with the calibratedθw, would give an
available water capacity of approximately 60 mm m−1

over the top 3.8 m. This is comparable to the relatively
low values for available water content of 70 mm m−1

for the top 1 m and 30 mm m−1 for depths below 2 m
quoted byHodnett et al. (1996). Whilst the optimisa-
tion produces some physically realistic as well as func-
tionally useful soil parameters, individual optimised
parameters should only be used as part of a complete
set because of the empirical nature of the model.

Optimised canopy conductance response func-
tions for temperature yielded optimal temperatures
of 25.0 and 23.9◦C. The optimal temperature quoted
by Dolman et al. (1991)of 30.2◦C for a Jarvis-type
model excluding a soil moisture dependence lies
just outside of the error bounds estimated for these
models.Sellers et al. (1997)state that the optimal
temperature is close to the mean annual growing
season temperature. This is supported here, as the
mean air temperature for the whole data period was
25.1◦C, comparable to both optimal temperatures.
The almost linear temperature response function from
Wright et al. (1996a)demonstrates the problem of
interdependence between parameters when optimis-
ing a Jarvis model. Over the range of temperature
values used in that study (18–32◦C), the temperature
function limitsgc by typically 50% to account for the
relatively high optimised value ofgmax (seeTable 2).
Understanding the response of canopy conductance to
temperature is important for simulations of future cli-
mate change, in which many GCMs predict increased
surface temperature across Amazonia.

Fig. 4 shows how including a soil moisture depen-
dence affected the modelled monthly mean diurnal
cycles of canopy conductance through the study pe-
riod. When a soil moisture dependence was not in-
cluded, the model overestimated peak daytime canopy
conductance during a dry period between October
and November. Instead the modelled peak daytime
canopy conductance remained roughly constant at
about 24 mm s−1 from October to February inclusive.
When a soil moisture dependence was included the
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Fig. 4. Mean observed and modelled diurnal cycles of canopy conductance (gobs
c ) for each calendar month. Observed data used are the

634 daytime hours for rain free periods, shown by the full line. Mean diurnal cycles of canopy conductance from two models optimised
excluding and including a soil moisture dependence are shown by dashed and dotted lines, respectively.

model was able to simulate the increase in canopy
conductance at the beginning of the study period and,
to a lesser extent, the increase during the last 2 months
of the study period. The greatest change in modelled
canopy conductance, whenf(W) was included, was
seen around noon when canopy heat flux is negligi-
ble. This suggests that the effect of excluding canopy
heat flux from the calculation of available energy in
this study is likely to be minimal.

To analyse remaining errors in the model, hourly
values of the dimensionless ratio,

µ = gobs
c

gmod
c

, (7)

were calculated, for both of the optimised models.
Whenµ is equal to unity, the model is in exact agree-
ment with observations; whenµ is less than unity the
model is overestimating canopy conductance, and vice
versa. InFig. 5a mean values ofµ over 5 mm bins are
plotted against soil moisture content. For the model
excluding a soil moisture dependence, there is a near
linear relationship betweenµ andW which indicates
that the model tends to overpredict when soil mois-
ture content is low. The optimised soil moisture func-
tion, also shown inFig. 5a, follows this relationship
closely, andµ values for the model including the soil
moisture function are clustered around unity for low
soil moistures.

A similar pattern can be seen inFig. 5b in which
µ values are plotted against humidity deficit. The
model excluding a soil moisture dependence had a
tendency to underpredict when humidity deficits were
high, which was not present when the soil moisture
function was included. The decaying form of this
relationship suggested it might be possible to correct
for these errors through the humidity deficit function
alone. However, when the value ofj3 was adjusted so
that this tendency was removed, the daily maximum
modelled canopy conductance decreased through the
whole of the study period rather than introducing the
seasonality seen inFig. 1a. It was only possible to
achieve seasonal variation in modelled canopy con-
ductance by including the soil moisture function, not
through seasonality in the diurnal cycle of humidity
deficit.

Apparent small trends can be seen inFig. 5a and
b when the soil moisture function was included, such
thatµ decreases with increasing soil moisture, and in-
creases with increasing humidity deficit. This is partly
a consequence of the binning, as the bins for high
W and highD1 values contain fewer data points than
other bins in the range. This may also have indicated
that other functional forms forf(W) andf(D1) are more
appropriate, although this trend was not removed when
a non-linear function ofW and a linear function ofD1
was used.
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(a)

(b)

Fig. 5. Ratio of observed,gobs
c to modelled,gmod

c canopy conduc-
tance,µ, calculated from models that include (+) and exclude (�)
a soil moisture dependence plotted against: (a) 0–3.8 m total soil
moisture content; (b) near-surface humidity deficit. For clarity,µ

values are shown as means over 5 mm bins of soil moisture and
0.5 g kg−1 bins of humidity deficit. Also shown by the continuous
thick lines are the optimised soil moisture function,f4 in (a), and
the optimised humidity deficit function,f3 in (b).

This result supports the conclusions ofWilliams
et al. (1998), who used a more complex SVAT to show
that seasonal changes in soil–root hydraulic resistance
could account for seasonality in evaporation. They
suggest that high dry season humidity deficit would
not limit evaporation if soil moisture content was high.
This is confirmed here by the absence of seasonality
in canopy conductance when the model excluding a
soil moisture limitation was used.

As mentioned inSection 3, care must be taken
when attributing this response of canopy conductance
to soil moisture to either changes in leaf-level stom-
atal conductance or leaf area index,L. The inverted
PM equation gives only an estimate of transpiration
from the canopy as a whole, and to truly attribute
the response would require observations ofL through
the study period. Nevertheless, considering that many
conductance models for Amazonian rainforest neglect
any soil moisture response and apply a constant value
of L, this result is still of interest. In order to draw
more detailed conclusions as to the mechanism of the
response to soil moisture a more complex model is
needed, such as a full SVAT scheme.

5. Summary and conclusions

In this study a Jarvis-type model of canopy con-
ductance has been used to investigate the response of
a primary forest near Manaus, Brazil, to meteorolog-
ical conditions. Particular emphasis has been placed
on the response to soil moisture and humidity deficit,
as many previous studies neglected the former vari-
able under an assumption that the forest had access to
sufficient soil moisture to avoid water stress.

Observations of above-canopy moisture flux were
used with an inverted PM equation to provide es-
timates of canopy conductance. Results showed
that daily maximum canopy conductance increased
through the study period, simultaneously with soil
moisture content. However, daily maximum humidity
deficit decreased through the study period, and this
may also have accounted for the variation in canopy
conductance.

To investigate the responses to soil moisture and
humidity deficit, two Jarvis-type models of canopy
conductance were optimised. Both included functions
of incoming solar radiation, air temperature and hu-
midity deficit, but one also included a function of total
soil moisture in the top 3.8 m. When soil moisture was
low and humidity deficit was high, the model exclud-
ing a soil moisture dependence tended to overestimate
canopy conductance. As a result, there was little sea-
sonal change in the diurnal cycle of modelled canopy
conductance. Furthermore, it was not possible to cor-
rect this through the humidity deficit function, despite
the observed seasonal change in this variable. When
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a soil moisture dependence was included, seasonal
variation in modelled canopy conductance was greatly
improved. This corroborates previous studies which
suggest that seasonal variation in evaporation and
conductance at this site are controlled by soil moisture
rather than humidity deficit. The optimised canopy
conductance response functions to solar radiation,
temperature and humidity deficit were similar to those
when the soil moisture dependence was excluded.
Uncertainty in the optimised soil moisture parameters
was low, and the value forθw was comparable with
published values calculated from measurements of
soil hydraulic properties.

These results suggest that the assumption of suffi-
cient soil moisture though all seasons is inappropriate.
For this site at least, canopy conductance was lim-
ited by soil moisture as well as humidity deficit, so-
lar radiation and temperature. While this assumption
may have little effect on the simulated climate for the
present day an accurate response to soil moisture is
essential in simulations of future climate change in
which Amazonia is significantly drier. Existing data
sets of Amazonian meteorology and moisture flux may
not display sufficient seasonality and inter-annual vari-
ability for all stomatal responses to be established.
Data sets covering periods of several years, including
El Niño cycles, are needed to improve the modelled
land-surface response for situations significantly dif-
ferent from current climate.
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Appendix A

Aerodynamic conductance,ga, is calculated as

1

ga
=

[
u

u2∗
+ 1

ku∗

(
ln

(
z0

z0t

)
+ ΨM − ΨH

)]
, (A.1)

in which u is the near-surface wind speed (m s−1),
u∗ the friction velocity (m s−1), k the von Karman

Table 3
Values of reference height (zr), roughness length (z0), displacement
height (d) and the ratiod/h, whereh is the canopy height, used in
the calculation of aerodynamic resistance for a tropical forest sitea

Length
scale

Value
here

Shuttleworth
(1988)

Dolman
(1993)

Gash et al.
(1996)

zr (m) 46 45 – 35.0
z0 (m) 1.8 3.5 1.0 2.1
d (m) 25.8 26.3 23 30.1
d/h 0.86 0.75 0.66 0.86

a Values from literature are shown for comparison.

constant (0.41),z0 and z0t are the roughness lengths
for heat and momentum, respectively (m), andΨH and
ΨM are the stability correction terms for heat and mo-
mentum, respectively. The roughness length for mo-
mentum,z0t , is calculated asz0 e−2.

An initial estimate ofu∗ is made using

u∗ = ku

ln((zr − d)/z0)
, (A.2)

wherezr is the reference height at which observations
were taken (m),d the displacement height (m), and
z0 the roughness length (m). Values for these length
scales are given inTable 3along with other values
from the literature for comparison. The displacement
height, d, and roughness length,z0, are assumed to
be 0.86 and 0.06 of the canopy height, respectively,
following Shuttleworth (1989).

The initial estimate ofu∗ allows calculation of the
Monin–Obukov length,m0, andζ using,

m0 = −ρcpu
3∗Td

kg(H + 0.07λE)
, (A.3)

ζ = zr − d

m0
, (A.4)

ζ is then used to calculate the corrections using
Eqs. (A.5) and (A.6), following Paulson (1970):

ΨM =




2 ln(1
2(1 + ζ0)) + ln(1

2(1 + ζ2
0))

−2 arctan(ζ0) + 1.5708, ζ ≤ 0,

−5ζ0, ζ > 0,

(A.5)

ΨH =
{

2 ln(1
2(1 + ζ2

0)), ζ ≤ 0,

−5ζ0, ζ > 0,
(A.6)
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where

ζ0 = (1 − 16ζ)1/4. (A.7)

These allow the calculation of a correctedu∗ using

u∗ = ku

ln((zr − d)/z0) − ΨM
. (A.8)
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